Surface modifications of glass-reinforced hydroxyapatite composites immersed in a simulated physiological solution were studied using X-ray photoelectron spectroscopy, scanning electron microscopy and energy dispersive X-ray spectroscopy.
in synthetic plasma solution. This was done by using X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS).
MATERIALS AND METHODS
Two phosphate-based glasses (Pl and PZ) and one silica-based glass (Sl) were used to reinforce HA. The phosphate-based glasses were produced from reagent grade chemicals heated at 1300°C for 1 h in a platinum crucible. The silica-based glass was obtained from Bioglass Research Center, University of Florida, USA. Chemical compositions of the glasses are given in Table I . In order to obtain a homogeneous mixture, glass and HA powders were wet milled and mixed in a ball mill pot using methanol.
The amount of glass added to HA was 2.5 wt%. 
RESULTS
The microstructure of Pl HA-phosphate glass composite was composed of an HA matrix and tricalcium phosphate (TCP) phases, fl-TCP and cr-TCP, in a proportion of 50%, 20% and 30% respectively, as reported previously'. The P2 sample had a phase content of 40% HA, 15% /j-TCP and 45% r~-TCP. In the HA-silica-based glass composite, calcium phosphate silicate was detected using X-ray diffraction analysis , *t l4 besides apatitic structures.
SEM analysis revealed that after 6 d immersion in the physiological solution the Pl sample was almost covered by a layer formed on its surface, as shown in Figure  I . EDS analysis showed that this layer was composed of Ca and P crystals with a Ca/P ratio = 1.65, which corresponds to a structure of apatite. Some dissolution also seems to have occurred in some areas of the surface. Similar behaviour was also detected for the P2 sample. Ca and P crystals were analysed by EDS along with some surface dissolution after 2 d immersion, as shown in Figure 2 . More intense apatite formation occurred on its surface after 12 d immersion.
Significant surface dissolution occurred for the HAsilica-based glass composite after 6 d immersion, without any apatite formation, as may be observed in Figure 3 . This result indicated that only surface dissolution was active in the initial stages and more ions were leached out from the composite surface than from HAphosphate-based glass composites. However, after 12 d immersion its surface was also covered by an apatite structure, as for the HA-phosphate-based glass composites.
For qualitative evaluation of the elements present on the surface, wide scan spectra of Pl, P2 and Sl were recorded. Changes in the elemental composition of P2 and Sl samples with respect to immersion times were compared with a control, as shown in Figures 4 and 5. Besides the most intense peaks of the constituent elements (P 2p, Ca 2p and 0 1s for Pl and P2, and P 2p, Ca Zp, Si 2p and 0 1s for Sl), a strong peak for C 1s indicates the presence of a large amount of carbon on the surface. This could be derived partly from the solution and partly from unavoidable carbon contamination.
Sodium was never detected on P2 and Sl control samples; however, it was found on the surface after immersion for 6 d in the synthetic plasma After 12 d the surface was almost covered by an apatite layer, c.
These differences were attributed to the higher solubility of the TCP phase compared with HA. Identical behaviour has been reported by Hyakuna et ~1.~'.
A much more intense surface dissolution occurred for the HA-silica-based glass composite in the initial stages of the apatite formation process. Kokubo et a1.13
proposed that not only calcium but also silicon is dissolved from the surface of bioactive glass-ceramic which may explain the degree of dissolution observed.
XPS studies of surface modified glass-reinforced HA composites: J.D. Santos et al. However, after 12 d immersion apatite formation also occurred on the surface of the HA-silica-based glass composite, indicating bioactive behaviour.
The peak positions of 0 IS at 531.4 eV, P 2p at 133.0 eV and Ca 2p3 at 347.6 eV did not change with respect to immersion time compared with the Pl control. This indicates that the surface chemistry of the composite was unchanged during immersion. Calcium, phosphorus and oxygen detected at the above-mentioned peak positions correspond to an apatite structure, more precisely HA17. However, the Ca/P ratio decreased with increasing immersion time. Probably this decrease in Ca/P ratio was due to surface degradation of the composite in the course of time.
0 Is, P 2p, C 1s and Ca 2p3 peaks were found at 531.5, 133.1, 285.0 and 347.8 eV respectively, for the P2 control. The peak positions did not change significantly with respect to immersion time. However, an additional peak of Na 1s at 1072.5 eV was detected on the surface after 6 d immersion.
The Ca/P ratio decreased on the surface of the P2 composite after immersion for 6 d, but increased for the specimen immersed for 12 d. This was probably due to leaching out of calcium from the composite surface in the initial period of immersion and reprecipitation after 12 d. This seems to agree with previous results16. Sodium detected on the surface at 1072.5 eV most probably indicates adsorption of sodium sulphate18 from the solution, as no sodium was detected on the control surface during the quantitative elemental analysis. 0 Is, C Is, P 2p, Ca 2p" and Si 2p peaks were detected at 531.6, 285.0, 133.2, 347.6 and 101.4 eV respectively, for the Sl control. The peak positions did not change with immersion time. However, the CalP ratio decreased after 2 d immersion and increased after 6 and 12 d immersion.
An additional peak of Na 1s was also detected on the specimen surface after 6 and 12 d immersion.
This indicates that along with reprecipitation of calcium phosphate, sodium sulphate was adsorbed on the surface. As sodium was not detected in the control, the adsorbed sodium sulphate on the surface originated from the plasma solution only. An Si 2p peak, found at 101.8 eV on the composite surface, probably indicates the presence of wollastonitelg.
The 0 1s peak of the Si composite was deconvoluted using gaussian curve-fitting, as shown in Figure  6 . It may be seen from this figure that oxygen was formed in two chemical states on the surface. The main peak of 0 1s was found at 531.0 eV, with a small peak at 533.1 eV on the control. The 0 1s peak at 531.0 eV corresponded to the oxide constituent of the HA composite whereas the peak at 533.1 eV corresponded to bound water"'. More interestingly the main 0 1s peak at 531.6 f 2 eV was found on the immersed samples.
The peak height at 531.6 i 2 eV was found to diminish whereas that at 533.2 f 0.1 eV was found to increase with immersion time. This augments the fact that oxygen in the form of oxide became reduced whereas the bound water content on the surface increased with respect to immersion time. 
CONCLUSIONS

